The objective of this review article is to summarize the recent findings about the importance of microRNAs (miRNAs) in regulating lipoprotein metabolism. We highlight the recent findings that uncover the importance of miRNAs in controlling plasma LDL-cholesterol (LDL-C) levels.
INTRODUCTION
In recent years, prominent roles for microRNAs (miRNAs) have been uncovered in regulating almost all physiological processes, including lipid metabolism [1] [2] [3] . miRNAs are small ($22 nucleotides) endogenous double-stranded noncoding RNAs that regulate gene expression at the post-transcriptional level [4] [5] [6] [7] . These tiny RNAs bind to the 3 0 -untranslated region (3 0 UTR) of mRNAs causing RNA destabilization or translational repression [5, 6] . A single miRNA targets multiple genes, thereby controlling numerous components of complex intracellular networks. In this review article, we discuss recent advances in our understanding of the role of miRNAs in controlling cholesterol and lipid homeostasis, with particular emphasis on those miRNAs that regulate lipoprotein metabolism. Specifically, we highlight those miRNAs that influence LDL-C levels, such as the well-characterized liver-specific miRNA, miR-122, and the role of miR-30c in controlling lipoprotein secretion [8,9,10 && ]. Several miRNAs (i.e. miR-96/182/183 and miR-185) that affect LDL metabolism by controlling the sterol response element binding protein-2 (SREBP2) expression are also discussed [11 && ,12 & ]. In addition, we review those miRNAs that influence HDL-C levels by targeting the ATP transporter, ABCA1, such as miR-33a/b and miR-144 [ 
miRNAS AND LDL METABOLISM
A number of studies have recently reported the importance of miRNAs such as miR-122, miR-30c, miR-185, miR-96 and miR-182 in controlling LDL metabolism by regulating VLDL secretion, cholesterol biosynthesis, and LDL receptor (LDLR) activity ( Fig. 1 ).
miR-122
Relatively little is known about how miRNAs modulate LDL-C levels. To date, only miR-122 has been shown to play a direct role in LDL cholesterol metabolism [8, 9, 18] . miR-122 is the most abundantly expressed miRNA in the liver and one of the first miRNAs to be linked to hepatic function.
Specifically, several reports have highlighted the role of miR-122 in regulating cholesterol and fatty acid metabolism, namely through loss-of-function experiments. Early studies showed that antisense targeting of hepatic miR-122 in mice resulted in significant reductions in total plasma cholesterol, which reflected decreases in both HDL-C and LDL-C [19] . In a separate study, antisense silencing of miR-122 led to decreased hepatic cholesterol and fatty acid biosynthesis and increased fatty-acid oxidation. This was associated with reduced circulating total cholesterol and triglycerides, as well as decreased hepatic steatosis in mice fed with a highfat diet (HFD) [9] . In subsequent studies, efficient silencing of miR-122 was successfully achieved in the liver of nonhuman primates, which resulted in reduced plasma cholesterol without any signs of toxicity [8] . However, unlike in mice, these changes were primarily associated with LDL-C.
Given the success of anti-miR-122 therapy in nonhuman primate models, miR-122 has become a promising therapeutic target in humans. Despite this, the development of anti-miR-122 therapies to treat hypercholesteremia has diminished, as further studies have associated anti-miR-122 therapy with adverse effects, such as decreased HDL-C and hepatocellular carcinoma [9, 19] . Additionally, the mechanism by which miR-122 regulates lipid metabolism remains unclear, as direct targets of miR-122 associated with cholesterol homeostasis have yet to be identified ( Fig. 1 ). Further studies in mice and nonhuman primates are needed to gain a better mechanistic understanding of the role of miR-122 in directly regulating cholesterol and lipid metabolism.
miR-30c
In addition to miR-122, miR-30c has also recently been associated with lipid metabolism [10 && ]. miR-30c was the first miRNA shown to play a role in lipoprotein assembly. It is expressed primarily in the heart, skeletal muscle, and kidney and resides in intron 5 of the human nuclear transcription factor Y subunit C (NFYC) gene. Interestingly, NFYC cooperates with SREBP transcription factors in regulating the expression of genes associated with lipid metabolism [20, 21] . Using computational approaches, Soh et al. identified miR-30c as an miRNA that affects lipid metabolism by regulating microsomal triglyceride transfer protein (MTP), a protein that is crucial for the assembly of ApoB-containing lipoproteins. Overexpression and inhibition of miR-30c in human hepatic cells KEY POINTS miRNAs regulate lipoprotein metabolism.
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Inhibition of miRNAs is a promising strategy for treating cardiometabolic disorders. reduced and increased MTP levels, activity, and ApoB secretion respectively [10 && ]. Accordingly, lentiviral delivery of miR-30c to Western-diet fed mice reduced plasma cholesterol levels by decreasing lipid synthesis and secretion of triglyceride-rich ApoB lipoproteins with no effect on hepatic steatosis [10 && ]. Moreover, inhibition of miR-30c increased hyperlipidemia and atherosclerosis in mice, consistent with a physiological role for miR-30c in controlling lipoprotein assembly. Taken together, this study suggests that miR-30c mimetics may be useful to treat hyperlipidemia and other related cardiovascular disorders in humans.
miRNA REGULATION OF CHOLESTEROL HOMEOSTASIS
The hepatic LDL receptor (LDLR) is essential for clearing circulating LDL and is an important therapeutic target for treating cardiovascular disease [22] . As such, the intracellular and membrane levels of the LDLR and other lipid regulators are highly controlled by a series of feedback mechanisms that operate at the transcriptional and post-transcriptional level. One of the best-characterized transcriptional regulators of the LDLR is the ER-bound sterol regulatory binding proteins (SREBPs). SREBPs bind to the SREBP cleavage-activating protein (SCAP), a transmembrane protein that serves as an escort protein and sterol sensor. In mammals, the SCAP/ SREBP exit from the ER to the Golgi for activation is regulated by the interaction between SCAP and the insulin-induced gene (INSIG) [20, 21, [23] [24] [25] . When sterol concentrations are low, the INSIG-SCAP/ SREBP interaction is disrupted, allowing the trafficking of the SCAP/SREBP complex to the Golgi, in which SREBP is cleaved and activated [24, 25] . The N-terminal fragment translocates to the nucleus and activates the transcription of genes involved in cholesterol biosynthesis and uptake including 3-hydroxy-3methylglutaryl coenzyme A reductase (HMGCR) and LDLR, respectively [21] . SREBP stability is regulated in the nucleus by the E3 ubiquitin ligase FBXW7 that targets nuclear SREBPs for proteosomal degradation, thus inhibiting LDLR transcriptional activation [26] .
Additionally, the LDLR is also subject to posttranscriptional regulation such as its proprotein convertase subtilisin/kexin type 9 (PCSK9)-dependent degradation and inducible degrader of LDLR (IDOL)-dependent ubiquitination [27] [28] [29] . Despite these advances, to date, no studies have shown a role for miRNAs in regulating LDLR expression directly. The miRNA-dependent regulation of SREBP2, however, has recently been explored and represents another layer of regulatory control of LDLR ]. Both proteins regulate the levels and activation of SREBP2 by controlling the processing (INSIG2) and stability (FBXW7) of this transcription factor. Overexpression of miR-96 and miR-182 increases SREBP2 transcriptional activity and lipid synthesis in culture cells [11 && ]. However, antagonism of miR-182 in mice did not influence hepatic cholesterol and triglyceride content or plasma cholesterol and triglyceride levels. These findings suggest that under cholesterol depletion conditions SREBP2 activates its own transcription and at the same time regulates the expression of miRNAs that inhibit negative regulators of its activity. This elegant feedback loop of SREBP2/miR-96/miR-182 regulation illustrates a novel mechanism by which cholesterol metabolism is tightly regulated at the organismal and cellular level.
miR-185
In addition to the miR-96/182/183 cluster, it has recently been shown that miR-185 is also regulated by SREBP transcription factors. The miR-185 primary transcript is regulated by SREBP1c and its expression is elevated in the livers of mice fed with an HFD compared with mice fed with a chow diet [12 & ]. miR-185 targets SREBP2, thereby inhibiting de-novo cholesterol biosynthesis and LDL uptake. miR-185 overexpression in human hepatic cell lines (HepG2) results in significant decreases in HMGCR activity and LDL internalization. Notably, mice infected with lentiviral constructs encoding the primary miR-185 sequence showed markedly reduced expression of SREBP2-regulated genes including LDLR, HMGCR, and PCSK9 compared with mice injected with a control lentivirus [12 & ]. Even though these data strongly suggest that miR-185 regulates lipid metabolism in vivo, additional experiments using miR-185 inhibitors will be necessary to define the role of hepatic miR-185 in controlling cholesterol metabolism. These results uncover a novel feedback loop by which the SREBP1c-induced miR-185 regulates SREBP2 expression, thus controlling cellular cholesterol metabolism.
miRNAS AND HDL METABOLISM
Whereas the contribution of miRNA regulation to LDL metabolism has been less well studied, the body of literature describing the role of miRNAs in governing HDL homeostasis is quite extensive. Indeed, work over the past years has demonstrated that miRNAs control the expression of many genes associated with HDL metabolism, including those that regulate HDL biogenesis, cellular cholesterol efflux, HDL-C uptake in the liver, and bile acid transport [1] [2] [3] (Fig. 2) . In particular, these findings reveal how single miRNAs (i.e. miR-33) can target multiple components of the reverse cholesterol transport (RCT) pathway and how key genes involved in HDL metabolism are under the control of many miRNAs (i.e. ABCA1). They also demonstrate the potential of miRNA-based therapeutics to raise HDL-C, which is inversely associated with the development of atherosclerosis and its downstream cardiovascular complications [1] [2] [3] .
miRNA REGULATION OF ABCA1
ABCA1 and ABCG1 are sterol-sensitive genes that are transcriptionally controlled by the liver X receptors (LXRs) [30] . These nuclear hormone receptors form heterodimers with the retinoic-X-receptors (RXRs), leading to the transcriptional activation of both ABC transporters. Under cellular cholesterol excess, ABCA1 and ABCG1 facilitate the efflux of www.co-lipidology.com cholesterol from macrophages by lipidating nascent and mature HDL to generate larger HDL particles destined for clearance by the liver. Hepatic ABCA1 also plays a critical role in the biogenesis of HDL particles [31] [32] [33] . Given its importance in regulating HDL-C, many groups have studied the regulation of this transporter. In particular, several groups have shown that ABCA1 expression is highly regulated at the post-transcriptional level by multiple miRNAs, including miR-33, miR-144, miR-758, miR-26, miR-106b, miR-27, miR-145, miR-33 Ã , and miR-10b [ (Fig. 2) . These miRNAs have been shown to repress ABCA1 expression and function in a variety of different cell types, including macrophages, neurons, pancreatic b-cells, enterocytes, and hepatocytes. As the relevant importance of the aforementioned miRNAs in regulating ABCA1 expression is likely to be dictated by physiological stimuli and the tissue-specific expression of each miRNA, further studies in vivo are warranted to understand the miRNA-dependent regulation of ABCA1. Nonetheless, work over the past years has highlighted the importance of two miRNAs, miR-33 and miR-144, in regulating ABCA1 expression and HDL levels in mice and nonhuman primates [13 && ,14,15,16 && ,17,41,42 && ]. miR-33 was the first miRNA described to regulate hepatic ABCA1 expression and plasma HDL-C in vivo. miR-33a/b are lipid-responsive miRNAs embedded within the introns of the SREBP2 and SREBP1 genes, respectively, and are cotranscribed along with their host genes under conditions that increase SREBP activation. miR-33 represses the expression of genes involved in cholesterol export and HDL biogenesis, including ABCA1 and ABCG1 [14, 15, 17] . Since the first reports describing the role of the miR-33 family in modulating ABCA1 expression, multiple groups have gone on to assess the efficacy of anti-miR-33 therapy to increase circulating HDL-C levels [14, 15, 17] . Inhibition of miR-33 was shown to induce the expression of hepatic ABCA1, in which plasma HDL levels increased, and also in macrophages, in which RCT and the regression of atherosclerosis were enhanced. Genetic deletion of miR-33 also resulted in sustained increases in HDL-C, as well as decreased atherosclerosis progression in apoE À/À mice [43] . Intriguingly, anti-miR-33 therapy has also been shown to increase ABCA1 expression and plasma HDL-C levels in two separate studies using nonhuman primates [41,42 && ]. Despite these promising data, a recent study has demonstrated that miR-33 null mice develop obesity and dyslipidemia when fed a high-fat diet (HFD) [44] .
In addition to miR-33, two different groups recently showed that miR-144 modulates ABCA1 expression in hepatocytes and macrophages, as well as cellular cholesterol efflux [13 && ,16 && ] . Although the two studies report that miR-144 expression is transcriptionally induced by different nuclear receptors (LXR or FXR), both studies show that changes in hepatic miR-144 influence hepatic ABCA1 expression and circulating HDL-C in vivo. Taken together, these studies highlight the physiologic importance of miR-144 in regulating plasma levels of HDL-C.
Aside from directly binding to the 3 0 UTR of ABCA1 and decreasing its expression, miRNAs have also been shown to modulate ABCA1 levels by regulating LXR expression. miR-1, miR-206, and miR-155 have been shown to directly target LXR in vitro [45, 46] . In particular, miR-1 and miR-206 suppress lipogenesis by inhibiting LXRa and its target genes, SREBP1, acetyl-CoA (ACC), and fatty acid synthase (FAS). Interestingly, miR-26 is inhibited in cells treated with LXR agonists, suggesting that miR-26 may cooperate with LXR to transcriptionally activate ABCA1 [47] . RXRa is also regulated by miRNAs, including miR-128-2 and miR-24 [34] . Both miRNAs have been reported to inhibit RXRa expression, thus inhibiting LXR-induced ABCA1 expression. Overall, these data highlight the complex transcriptional and post-transcriptional network that governs the expression of ABCA1.
miRNAS TARGETING SRB1
SRB1 mediates the delivery of HDL-C to the liver for bile acid synthesis and cholesterol excretion. Its important contribution to the removal of plasma cholesterol is evidenced by loss-of-function studies in mice, which demonstrate that absence of SRB1 impairs RCT and results in massive atherosclerosis. Although the transcriptional activation of SRB1 is well characterized, recent in-silico analyses have shed light on the importance of SRB1 regulation by miRNAs. In this regard, miR-455, miR-125a, miR-185, miR-96, and miR-223 have been shown to directly bind to the 3 0 UTR of SRB1 and suppress its expression [48,49 & ]. Accordingly, overexpression of these miRNAs reduces SRB1 protein levels and HDL-C uptake in vitro, whereas antagonism of miR-455, miR-125a, miR-185, miR-96, and miR-233 has the opposite effect. Interestingly, the levels of miR-96 and miR-185 inversely correlate with SRB1 in the livers of HDF-fed apoE À/À mice [49 clarify the role of this miRNA and others in regulating SRB1 expression, HDL uptake, and RCT.
CONCLUSION
High levels of plasma LDL-C and reduced levels of HDL-C are associated with increased coronary artery disease (CAD) risk. As a result, statins have been widely used for lowering circulating LDL-C. Despite this, statins are not efficient in a significant number of individuals, and secondary effects, including rhabdomyolysis, have been associated with their consumption. Most of the drugs used to increase plasma HDL-C levels, such as CETP inhibitors, have failed to reduce CAD risk. The recent findings that manipulating miRNA expression might reduce circulating LDL-C or increase plasma HDL-C levels opening new avenues for the treatment of dyslipidemias. Indeed, work over the past few years has demonstrated that the inhibition of miR-33 results in a significant increase of plasma HDL-C in mouse and nonhuman primates and protection against the progression of atherosclerosis in atheropronemouse models. Moreover, a recent report from Hussain's group demonstrated that prolonged delivery of miR-30c mimics markedly reduced plasma LDL-C levels and atherogenesis in mice. These studies suggest that manipulating miRNA expression in vivo may be a useful therapeutic strategy for treating dyslipidemia and related cardiovascular disorders.
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